O ver decades, the immunological research of hepatitis B virus (HBV) infection has focused on HBVspecific T cells. In chimpanzees acutely infected with HBV, the deletion of CD4 + or CD8 + T cells causes chronic HBV infection. In humans, the HBV-specific T-cell response is temporally correlated with serum HBV clearance during an acute HBV infection, whereas HBVspecific T cells are both quantitatively and qualitatively defective in chronic HBV patients. These studies have suggested that the viral clearance predominately depends on the vigor and specificity of the T-cell responses, which are well summarized by a previous review. 1 In contrast, humoral immunity, including B cells and anti-HBV antibody, which may also stop HBV infections, has largely been neglected. However, clinical practices have recently identified the potential importance of B-cell-mediated humoral immunity in the clearance or suppression of HBV infection. Emerging evidence has highlighted B-cell immune features 2 and antibody-based prognosis 3 and therapy 4 in chronic HBV infection. However, many questions remain that prevent a clear understanding of the roles of humoral immunity and its protective mechanisms, which hold the key for their ultimate applications in curing chronic hepatitis B (CHB).
KEY ROLE OF B-CELL-BASED HUMORAL IMMUNITY IN THE CLEARANCE OF HBV INFECTION
In general, by secreting neutralizing antibodies, B cells can limit viral infection and significantly contribute to viral elimination. Clinical practices have repeatedly shown that B-cell depletion with rituximab against CD20 was the riskiest factor for HBV reactivation among different immune-suppressive agents in lymphoma patients with previously controlled HBV; 5 thus these findings indicate that an antibody to HBV is essential to maintain HBV under immune surveillance. An unexpected hepatitis B surface antigen (HBsAg) clearance has also been frequently encountered after bone marrow transplantation from vaccinated donors to CHB recipients. 6 For HBV-infected patients receiving liver transplantation, the adoptive anti-HBV immunity (likely both cellular and humoral immunity) from donors potentially clears the residual virus and protects the liver graft from HBV reinfection. 7 Moreover, antiHBsAg antibodies (HBsAb) recognize circulating HBsAg and clear infectious HBV particles in vivo, and the presence of HBsAb in serum is considered an indicator of the resolution of CHB. These data suggest that B-cell-based humoral immunity may act as a key element for long-term HBV control.
B CELLS FUNCTION IN THE LIVER PATHOGENESIS OF HBV INFECTION
The potential importance of B cells in HBV infection may also lie in aspects other than antibody production. We comprehensively analyzed the dynamics of B cells in the natural history of HBV infection. B cells displayed a hyperactivation status in CHB patients as evidenced by increased CXC chemokine motif receptor 3, CD71 and CD69 expression and elevated plasma immunoglobulin G (IgG) and IgM levels. 2 Gene expression profiling performed in HBV-infected patients with different clinical and virological profiles of diseases also identified a B-cell activation signature in patients with active hepatitis. 8 Interestingly, antibody-secreting B cells and their antibodies (particularly for anti-HBcAg) may have an important role in the severity of CHB. Patients with HBV-associated acute liver failure were characterized by an overwhelming B-cell response apparently centered in the liver, with a massive accumulation of plasma cells secreting IgG and IgM, accompanied by complement deposition, with anti-HBcAg involved. 9 In addition, B cells could act as antigen-presenting cells to shape T-cell immunity and have been shown to have a regulatory role during viral infections. For example, interleukin-10-producing B cells (regulatory B cells) were increased during hepatic flares in CHB patients and have been shown to modulate not only inflammatory events but also HBV-specific T-cell responses. 10 These data suggest that humoral immunity may exert a primary role in HBVassociated pathogenesis and indicate potential immune-regulatory strategies targeting B cells for future studies.
HBV-SPECIFIC B CELLS IN HBV INFECTION
Owing to the lack of robust techniques to grow antigen-specific B cells in culture, knowledge regarding HBV-specific B cells during HBV infection at the clonal level is scarce. As reported for HBV-specific T cells, anti-HB producing B cells were more common in patients with acute hepatitis B than patients with CHB who generally lack HBsAg-specific B cells and HBsAb. The deficiency of HBsAg-specific B cells was considered to be responsible for the HBV persistence because their restoration was associated with HBsAg seroconversion in chronic HBV infection. 2 Notably, intriguing data have indicated the presence of HBsAg/ anti-HBs immune complexes in CHB patients, which has been suggested to prevent the detection of free anti-HB antibodies and indicate the persistence of anti-HB-producing B cells during CHB. 11 In addition, the hardly detectable anti-HB-producing B cells in the periphery may not be equal to their absence in the body because memory B cells and plasma cells home to the inflamed sites and bone marrow. Further investigations are required to clarify these possibilities.
In addition, studies that analyze the behavior of HBV-specific B cells and their derived antibodies during the natural course of HBV infection are warranted. Future investigations would substantially benefit from the rapidly evolving knowledge regarding HIV-1-and Flu-specific B cells, as well as newly emerging techniques, such as the fluorescent antigen probe and highthroughput single-cell sequencing. 12 
ANTIBODY-MEDIATED IMMUNE THERAPY IN CHB
Antibody immunotherapy is widely used to treat cancer, auto-immune diseases and acute/chronic viral infections. Anti-HBV antibodies, including anti-HBc, anti-HBe and anti-HBs, are useful serological markers, whereas only anti-HB antibodies are considered to be protective. 13 Anti-HBsAg-specific antibodies have shown direct HBsAg suppression effects in clinical trial studies; 14 however, the effects were only maintained for the short term. More potent antibodies with long-lasting HBsAg clearance effects are required for clinical application in CHB patients. Recently, several murine anti-HB monoclonal antibodies (mAbs) were tested for their therapeutic effects in HBV mouse models. 15 Interestingly, the anti-HBV effects did not correlate with the neutralizing activity of mAbs; the effects depended on their binding epitopes. In particular, mAb E6F6 treatment not only reduced the HBV and HBsAg load but also prompted T-cell responses in HBV transgenic mice, potentially through a non-neutralizing but novel Fcγ receptor-dependent phagocytosis mechanism. 15 This antibody was subsequently modified with Fc engineering and evaluated for its pharmacokinetics in mice and nonhuman primates, thus demonstrating a significant increase in the serum half-life up to 300 h, which may substantially improve the clinical efficacy of the anti-HBV antibody. 16 In addition to antibodies targeting HBsAg, such as E6F6, other potent mAbs targeting PreS1 epitopes are important. The mapping of HBV regions essential for infectivity points to the PreS1 domain and the antigenic loop region (also referred to as the 'a-determinant') of the HBV envelop protein. 4 The PreS1 domain is responsible for HBV binding to its hepatic receptor Na + -taurocholate cotransporting polypeptide, whereas the antigenic loop interacts with heparin sulfate proteoglycans on hepatocytes, thus enriching HBV virions in the perisinusoidal space. Antibodies against these two regions are capable of neutralizing HBV infection. 4 Both the hepatitis B immune globulin (HBIG) in clinical practice and the protective antibodies induced by the current prophylactic HBV-vaccines recognize the 'a-determinant' region. 4 Although hepatitis B immune globulin has been widely applied to prevent HBV transmission in transplantation and mother-to-infant transmission settings, the contribution of antibodies in the control of CHB has not previously been proven. 14 Regarding the PreS1 antigen and anti-PreS1, a recent study indicated that anti-PreS1 was present in many CHB patients, and the PreS1 domain was a weak point in HBsAg-induced immune tolerance. 17 A high level of HBsAg may induce immune tolerance, which is difficult to break. However, PreS1 represents o0.1% of total HBV antigens and is weak to induce tolerance. PreS1 as a vaccine has been shown to generate anti-PreS1, which depletes infectious particles as the HBV virions contain PreS1. Intriguingly, the PreS1 vaccine also reduces the HBsAg level and induces robust immune responses, even to HBsAg, in HBVtolerized mice. 17 The third generation of HBV vaccines, which contain the PreS1/S2 region and small HBsAg, have been approved and have recently been shown to be more potent than the second-generation vaccine, which only contained small HBsAg without the PreS1/S2 region. 18 Certainly, the PreS1 and anti-PreS1 levels should be assessed in additional clinical cohorts to assess the diagnostic and prognostic potentials. PreS1 containing vaccines in both prophylactic and therapeutic applications should also be assessed to confirm their efficacy. The therapeutic effects of different human-derived anti-HBV mAb cocktails in CHB patients are expected in the future; however, several challenges should be overcome before their final clinical applications. 4 THE PREDICTIVE VALUE OF ANTI-HBV AB Virus-related biomarkers have been tied to the efficacy of antiviral treatment in CHB patients, such as pretreatment HBV DNA, quantitative HBsAg and HBeAg and the recently identified HBcrAg and HBV pgRNA, which have served as predictors related to the outcome of interferon or nucleos(t)ide analog treatment. 19 However, CHB-associated liver diseases involve virus-host interactions, and the treatment outcome is, to some extent, determined by the immune status of the host. It is reasonable that immunological factors are related to antiviral efficacy in some cases. In this aspect, the occurrence of anti-HBV antibodies, including HBsAb, HBeAb and HBcAb, represents the classical serological markers for screening or diagnosis of HBV infection. 13 Moreover, a recent study proposed that higher anti-HBcAg levels may reflect a stronger hostadaptive anti-HBV immunity and may thus predict a better outcome after antiviral therapy, which was further confirmed in larger well-controlled prospective studies that comprised patients treated with interferons or nucleos(t)ide analogs. 3 In addition, anti-PreS1 is a potential marker for the prediction of HBV infection outcome. In the clinic, anti-PreS1 appears early in the course of AHB. The occasional appearance of anti-PreS1 in several patients with chronic aggressive hepatitis or treated with antiviral agents correlated well with clinical improvement. 20 However, the nature and clinical significance of anti-PreS1 in CHB have not been conclusive for the correlation between its changes in immune status and viral persistence.
PROSPECTIVE
For decades, studies have been centralized in anti-HBV cellular immunity, which was thought to have the capacity to control HBV replication. Therapeutically, boosting the defective HBV-specific T cells using checkpoint inhibitors or therapeutic vaccines and adoptively transferring engineered HBV-specific T cells were generally considered to increase HBV-specific T-cell responses in CHB patients. However, current trials with checkpoint inhibitors (such as anti-PD1/PDL-1 blockade) or HBV therapeutic vaccines have only shown suboptimal and limited efficacy. Engineered anti-HBV T cells with conventional T-cell receptors or chimeric antigen receptors have also been proposed and constructed; however, the technology of producing a substantial quantity of engineered T cells remains cumbersome, and the potential side effect is concerning, thus restricting its translation in broad clinical practice. Currently, humoral immunity is entering the central stage, and B cells and antibodies have been related to the pathogenesis, efficacy predictor and novel treatment during HBV infection (Figure 1) . In this regard, it is interesting to identify a close analogy between HBV and HIV-1 infection. Both viruses are characterized by retrotranscriptional processes, which may be effectively inhibited by nucleos(t)ide analog treatments; however, they failed to achieve a functional cure as a result of the presence of integrated HIV-1 proviral DNA and the intrahepatic HBV covalently closed circular DNA. Host immunity is predicted to have important roles in controlling both HBV and HIV-1 activity. In particular, broadly neutralizing antibodies against HIV-1 have been discovered and have shown promising therapeutic effects, thus restoring the research interest in humoral immunity. Following this analogy, we suggest that it is the right time to re-include humoral immunity in the focus of HBV infection research, particularly for HBV-specific B cells, antibody-based diagnostic markers and antibody therapy.
Thus we suggest that the combination of both anti-HBV cellular and humoral interventions will form the most effective immunotherapy for CHB patients in the future. Although the humoral immune response alone cannot eliminate an intracellular virus and HBV-infected hepatocytes, which could be targeted by T cells, the long-term suppression of HBV activity and functional cure of CHB will not succeed without concomitant functional restoration of anti-HBV humoral immunity. 
